In patients with atherosclerotic cardiovascular disease (ASCVD), guidelines recommend optimizing statin treatment, and consensus pathways suggest use of ezetimibe and proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors in patients with persistently elevated low-density lipoprotein cholesterol (LDL-C) levels despite use of statins. Recent trials have provided evidence of benefit in reduction of cardiovascular events with these agents.
L owering low-density lipoprotein cholesterol (LDL-C) levels with statins reduces the risk of cardiovascular events (CVE) in individuals with established atherosclerotic cardiovascular disease (ASCVD) and in certain primary prevention populations. 1, 2 The 2013 American College of Cardiology and American Heart Association (ACC-AHA) guidelines on lipidlowering therapy (LLT) 3 recommended statin treatment in 4 patient groups. In 2014, IMPROVE-IT (Improved Reduction of Outcomes: Vytorin Efficacy International Trial) reported CVE risk reduction with the addition of ezetimibe to statin therapy in patients with recent acute coronary syndrome. 4, 5 In 2015, 2 proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors were approved as adjunct to diet and maximally tolerated statin therapy for the treatment of adults with heterozygous familial hypercholesterolemia or clinical ASCVD who require additional lowering of LDL-C levels. 6 In line with an editorial discussing implementation of PCSK9 inhibitor therapy, 7 the ACC published Expert Consensus Decision Pathway (ECDP) recommendations on the use of ezetimibe and PCSK9 inhibitors in clinical practice. 6 We developed a simulation model that implemented a patient-level treatment intensification algorithm with LLT to understand the effect of intensification on LDL-C goal attainment. The treatment intensification algorithm was based largely on the ACC-AHA guidelines and the ACC ECDP recommendations, which suggest maximizing statin use before nonstatin LLT. The key assumptions on the efficacy of lowering LDL-C levels were based on trial evidence. We applied the simulation to a contemporary ASCVD cohort derived from a large US claims database to investigate the proportion of patients requiring various LLT options and the proportion achieving LDL-C goals with full treatment intensification. We further investigated the effect of varying assumptions in the treatment intensification algorithm on these measures.
Methods
A Monte Carlo simulation model was applied to a cohort of patients with ASCVD identified in a claims database. The study did not involve enrollment of human participants and was based on an existing data source that cannot be used to identify an individual because the patient information was deidentified in accordance with established privacy guidelines under the Health Insurance Portability and Accountability Act. Therefore, the study was exempt under the Department of Health and Human Services policy 45 CFR 46.101(b) (4) , and a separate institutional review board approval or patient informed consent were not sought.
Development of the Database Cohort for the Simulation Model
We used the MarketScan Research database, a large (>18 million unique members) administrative database of medical and pharmacy claims. All inpatient and outpatient medical and pharmacy encounters were captured while a patient remained enrolled in the plan. The following inclusion criteria were used: LDL-C level measured from January 1, 2012, through December 31, 2013 (last LDL-C level measured during this period defined as index date); 21 years or older; 2 years of continuous enrollment before the index date; and ASCVD defined as (1) recent acute coronary syndrome, (2) other coronary heart disease, (3) ischemic cerebrovascular disease, and (4) peripheral arterial disease.
Atherosclerotic cardiovascular disease conditions and non-ASCVD comorbidities were identified using codes from the International Classification of Diseases, Ninth Revision, Current Procedural Terminology, and Healthcare Common Procedure Coding System, which were reviewed and independently verified by expert physicians (including one of us [C.P.C.]) to ensure greater specificity for representing these conditions (eTable 1 in the Supplement). Application of many of these codes for identifying the conditions of interest has been studied previously. For example, codes used for myocardial infarction and ischemic stroke were reported to have positive predictive values of 97% and 90%, respectively. 8, 9 Definitions of statin therapy intensity were based on 2013 ACC-AHA guidelines. Treatment status for LLT and other medications was determined as of the index date from evidence of filled prescriptions and medication supply availability on or within 30 daysoftheindexdatetoensureconcurrencyofLLTstatusand LDL-C level measurement (eFigure 1 in the Supplement).
Monte Carlo Simulation Model
A Monte Carlo simulation model was developed in the Visual Basic programming language with Excel (Microsoft Corporation) as a host application executing the Visual Basic code. A study population of 1 million patients was generated by randomly sampling with replacement (bootstrapping method) from the database cohort and then entered in the simulation model. This bootstrap-sampled cohort of 1 million individuals is termed the simulation cohort. The resulting greater size of the simulation cohort relative to the database cohort is consistent with the principles of Monte Carlo simulation, with bootstrapping allowing for multiple replications per individual. 10 Each patient in the simulation cohort traced a different probabilistic path in the simulation. The sample size of 1 million represented a figure in which diagnostic plots representing key summary results from simulation vs sample size were stable (variation <0.01% with successive runs) and insensitive to further increase in the size of the simulation cohort. Sampling weights (eMethods in the Supplement) were used in the bootstrap-sampling method to account for quantifiable differences in the characteristics of the database cohort relative to the overall US population. The base-case simulation used a treatment intensification logic to achieve an LDL-C goal of less than 70 mg/dL (to convert to millimoles per liter, multiply by 0.0259), maximizing the use of statins before augmenting with ezetimibe and alirocumab (a PCSK9 inhibitor) if needed. At each step in the treatment intensification pathway for an individual, the achieved LDL-C level was modeled probabilistically from the distribution of LDL-C level reduction with a given LLT. For statins and ezetimibe, treatment effect was sampled fromaβprobability density function (PDF), with parameters estimated from the means and SDs as reported in the literature (eTable 2 in the Supplement). We validated the estimated PDFs by comparing them with the detailed distributions of percentage of LDL-C level reduction for a subset of statins and doses as reported in the literature. 11, 12 For alirocumab, the PDF was estimated directly from the pooled ODYSSEY program data for trials representing populations at high risk of CVE who were receiving a statin with placebo as the comparator. The implicit mean percentage of LDL-C level reductions underlying the PDFs for alirocumab were 48.6% and 64.4% for the 75-and 150-mg doses, respectively. For a patient receiving a specific LLT at a particular step in the simulation (eg, an 80-mg dose of atorvastatin), a specific efficacy for that patient was randomly sampled from the PDF. Thus, each patient traced a unique path in the simulation depending on their baseline characteristics and probabilistic sampling of LDL-C level reduction with a given LLT.
Scenario Analyses
We conducted additional analyses representing scenarios in which some assumptions were varied relative to the base case (scenario A). In scenarios B1 to B4, we modeled the ACC ECDP recommendations. 6 In scenario B1, patients with and without a comorbidity (eTable 3 in the Supplement) had LDL-C goals of less than 70 mg/dL and less than 100 mg/dL, respectively. In scenario B2, the LDL-C goal was a 50% reduction in the LDL-C level relative to the baseline LDL-C level before any LLT treatment. In scenario B3, the goal was defined as achievement of either scenario B1 or B2 goals. In scenario B4, the goal was defined as achievement of both scenario B1 and B2 goals. In scenarios B1 to B4, if the LDL-C goal was not achieved with add-on ezetimibe therapy, then ezetimibe was removed before intensification to alirocumab. In scenario C, we increased the threshold for intensification to alirocumab to an LDL-C goal of less than 80 mg/dL, which could be envisioned as a more pragmatic use of PCSK9 inhibitors. In scenario D, if the LDL-C level of less than 70 mg/dL was not achieved with high-intensity statins and ezetimibe, ezetimibe was removed before intensification to alirocumab. We also conducted scenario analyses assessing the options of going straight to high-dose alirocumab treatment, using evolocumab as the addon PCSK9 inhibitor based on data reported in the Further Car- 14,15 Figure 1 summarizes the base-case scenario (scenario A) and displays the proportion of patients at various steps in treatment intensification logic. When a 20-mg dose of atorvastatin was added for patients not receiving a statin, 49.1% of the overall cohort achieved an LDL-C level of less than 70 mg/dL. Of the remaining 50.9%, 9.1% were already receiving high-intensity statins and 41.8% would undergo uptitration to atorvastatin, 80 mg. The uptitration resulted in an additional 20.2% achieving an LDL-C level of less than 70 mg/dL (overall cohort with LDL-C level <70 mg/dL, 69.3% at this stage). Of the remaining 30.7% not at the LDL-C goal, 0.9% were already taking concomitant ezetimibe; therefore, ezetimibe was added in the remaining 29.8% of the cohort receiving highintensity statins and not at the LDL-C level goal. After this step in intensification, an additional 16.7% were able to achieve the LDL-C goal (total at LDL-C goal, 86%) and 14% of the original cohort required additional treatment with alirocumab. Addition of a 75-mg dose of alirocumab for patients not at the LDL-C goal resulted in an incremental 12% achieving an LDL-C level of less than 70 mg/dL. The remaining 2% of the cohort received uptitration to alirocumab, 150 mg. At this final step of the intensification, only 0.7% of the original cohort failed to achieve an LDL-C level goal of less than 70 mg/dL. After full treatment intensification, 67.3% were receiving statin monotherapy; 18.7%, statins and ezetimibe; and 14%, add-on alirocumab. The proportion of patients requiring add-on alirocumab with an LDL-C threshold of less than 55 mg/dL increased from 14% to 31.3% (eFigure 3 in the Supplement). eTable 5 in the Supplement provides an estimate of the 95% CIs for the base case. Figure 2 and eTable 6 in the Supplement summarize the distribution of LDL-C levels in the overall cohort at baseline and after the final step in intensification for the base-case scenario (scenario A). There was a wide range in baseline LDL-C levels before treatment intensification with and without statins ( Figure 2A ). The LDL-C distribution changed markedly after full treatment intensification, with a sharp peak near 70 mg/dL ( Figure 2B ). Overall, 99.3% achieved LDL-C levels of less than 70 mg/dL after full treatment intensification, and the mean LDL-C level was lowered to 52.2 from 93.7 mg/dL before the simulation. Achievement of very low LDL-C levels (<15 mg/dL) occurred in 6.3% of patients receiving alirocumab and 0.5% in the remaining cohort. Figure 3 summarizes the results for various scenarios representing the ACC ECDP recommendations, whereas Figure 4 and eTable 7 in the Supplement provide a summary of LLT use across all scenarios. eTable 8 in the Supplement provides a summary of achieved LDL-C levels under the options of going straight to high-dose alirocumab and using evolocumab as the add-on PCSK9 inhibitor.
Discussion
In a contemporary US population with ASCVD, only 53.2% received a statin at baseline and only 15.3% received a high-intensity statin; this treatment resulted in only 25.2% achieving LDL-C levels of less than 70 mg/dL. Therefore, we explored various LLT intensification strategies, all of which used statin therapy initially before adding nonstatin agents if LDL-C levels remained above a predefined threshold (or if a 50% LDL-C level reduction was not achieved). When following this approach, we found that 69.3% of patients could achieve LDL-C levels of less than 70 mg/dL with statin initiation and/or uptitration only, and add-on ezetimibe could increase this percentage to 86%. Adding a PCSK9 inhibitor to therapy for the remaining 14% still above the LDL-C threshold could result in more than 99% of the population with ASCVD having LDL-C levels of less than 70 mg/dL. In other scenarios, we found that if a PCSK9 inhibitor was added only for those individuals with LDL-C levels of 80 mg/dL or more, only 7.7% would need a PCSK9 inhibitor. However, in accordance with ACC ECDP recommendations, which recommend the goal of at least 50% reduction in LDL-C levels with an optional threshold of less than 70 mg/dL 16 (scenario B2 representing the 50% reduction case), a higher proportion of patients (20.9% compared with 14%) would need a PCSK9 inhibitor. Collectively, these findings indicated an opportunity in improving the achievement of an LDL-C goal with oral-only LLT, with 14% to 20.9% of the population with ASCVD requiring a PCSK9 inhibitor.
Implications on PCSK9 Inhibitor Use
When using a simple algorithm that added a PCSK9 inhibitor when the LDL-C level was 70 mg/dL or higher, despite maximal oral therapy, we observed that only 14% of the simulation cohort required these agents. In a modeled scenario, we found that this proportion of patients decreased considerably as the threshold for initiation of PCSK9 inhibitor therapy was increased from 70 mg/dL or higher to 80 mg/dL or higher, with PCSK9 inhibitor use changing from 14% to 7.7%. This scenario was meant to simulate a patient with an LDL-C level of, for example, 72 mg/dL who is receiving a high-intensity statin and ezetimibe and might be an unlikely candidate to receive a PCSK9 inhibitor in clinical practice. Our simulation model can be used to explore and test other thresholds and scenarios to help clinicians and payers with the identification of treatment strategies that promote thoughtful use of these newer agents. Our algorithm for LLT intensification used 2 doses of alirocumab as the PCSK9 inhibitor therapy, with the lower dose administered first as suggested in the US Food and Drug Administration-approved prescribing information. With this treatment strategy, 85.6% of patients receiving the initial low dose of alirocumab were able to achieve LDL-C levels of less than 70 mg/dL. This proportion matches the experience in the ODYSSEY program in trials with patients with ASCVD or a high CVE risk who received a dose titration to reach LDL-C levels of less than 70 mg/dL, in which approximately 83% of patients required only the 75-mg dose. 17 Although we considered alirocumab as the PCSK9 inhibitor therapy in the base-case simulation, the key results regarding proportion of patients requiring PCSK9 inhibitors also apply to evolocumab because PCSK9 inhibitors were considered in the simulation as the last step in treatment intensification after statins and ezetimibe. A change in approach to using PCSK9 inhibitors may result from the clinical benefit being demonstrated in the FOURIER trial (with ODYSSEY Outcomes still ongoing). 
Achieved LDL-C Levels
An additional output from the simulation model is the detailed distribution of achieved LDL-C levels with various treatment intensification strategies. As seen in Figure 2A and eTable 6intheSupplement, we found a wide variation in LDL-C levels at baseline. With treatment intensification, in those achieving LDL-C levels of less than 70 mg/dL who received statins with or without ezetimibe only, 97.2% achieved LDL-C levels from 25 to 70 mg/dL. In those receiving add-on alirocumab (not achieving LDL-C levels <70 mg/dL with statins with or without ezetimibe only), approximately 72.0% achieved LDL-C levels from 25 to 70 mg/dL; 22%, from 10 to 25 mg/dL; and 0.8% (0.1% of the overall cohort), less than 10 mg/dL. To date, achievement of these lower levels of LDL-C has not been associated with a safety signal 20, 21 ; however, the long-term effects of very low levels of LDL-C with PCSK9 inhibitors are not well established. The relatively low proportion of patients achieving very low LDL-C levels (eg, <10 mg/dL) was attributable to the stepwise approach to LLT intensification, including initial use of low-dose PCSK9 inhibitors. As shown in eTable 8i nt h eSupplement, although the proportion of patients achieving LDL-C levels of less than 70 mg/dL was largely similar across scenarios with and without uptitration of the alirocumab dose, the proportion of patients achieving very low LDL-C levels (eg, <10 mg/dL) was much higher with the use of evolocumab or only high-dose alirocumab (10.2%-13.6%) compared with alirocumab dose uptitration (0.8%). Scenario B1 consists of patients with LDL-C goals of less than 70 mg/dL with comorbidities and less than 100 mg/dL without comorbidities; scenario B2, 50% reduction of LDL-C levels from baseline; scenario B3, scenario B1 or B2; scenario B4, scenarios B1 and B2; scenario C, threshold for adding alirocumab increased to LDL-C goal of less than 80 mg/dL; and scenario D, ezetimibe removed before adding alirocumab if LDL-C goal of less than 70 mg/dL was not achieved. ALI 75 indicates alirocumab, 75 mg; ALI 150, alirocumab, 150 mg; EZE, ezetimibe; HIS, high-intensity statin; and MIS, moderate-to low-intensity statin.
To convert LDL-C levels to millimoles per liter, multiply by 0.0259. For additional information on scenarios, see the Scenario Analyses subsection of the Methods.
Simulation Model
An important feature of our study is the explicit handling of the variation in the percentage of LDL-C level reduction at a patient level as a result of LLT. In the JUPITER (Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin) study, 11 the variation in percentage LDL-C level reduction with a 20-mg dose of rosuvastatin was wide, ranging from a modest increase in LDL-C levels to a greater than 80% reduction, with a median reduction of 50%. Similar findings were reported for a wider selection of statins and trials. 22 The explicit handling of variation in the LDL-C level-lowering response in the simulation is expected to provide a better estimate of the relative proportion of patients who would take specific paths in a given treatment decision logic, becoming candidates for specific therapies, and their expected outcomes in terms of achievement of LDL-C goals. In addition, because the simulation was based on sampling individuals, the results also reflect an outcome that explicitly accounts for intrinsic heterogeneity in patient baseline characteristics, such as the distribution of baseline LDL-C levels and types of LLT. Because the sampling approach used a bootstrap method with application of sampling weights, it also helped ensure that the study population of 1 million individuals entering the simulation model is representative of the overall US population with ASCVD.
Limitations
We used a claims database in the United States for developing the study population, which can introduce specific biases, such as the population being fully insured, and groups such as those covered under Medicaid programs not being represented. Although we accounted for quantifiable biases based on age, sex, and clinical conditions with use of an adjusted sampling method, not all biases can be measured or corrected. We also have not provided a measure of statistical uncertainty around our estimates, because the Monte Carlo method with a large sample size (in this case, 1 million) converges around expectations with effective 95% CIs of nearly 0. We realize that most health care systems and clinicians would be concerned with populations with ASCVD that are smaller. eTable 5 in the Supplement provides 95% CIs for the base-case analysis for several sizes of populations with ASCVD. Medication use at baseline was estimated using evidence of filled prescriptions at a point in time, thus accounting for factors such as primary nonadherence (ie, written prescription never filled) and discontinuation of treatment over time. Our estimates of statin use at baseline (53.2%) are thus somewhat lower than those from other studies, which have reported statin use in patients with ASCVD based on prescription only from 58% to 70%.
14,15,23,24
Finally, our simulation model assumed perfect adherence with LLT, no tolerability issues (representing relatively mild effects that may not warrant stopping treatment) or adverse effects, and that the decisions to escalate LLT in response to reductions of LDL-C levels are instantaneous and strictly according to assumed logic with no deviations. Although many of these assumptions would not be met in usual clinical practice, our study provides a reference point for implications based on certain well-defined assumptions.
Conclusions
In a large and representative US population with ASCVD, 53.2% received statins at baseline and only 25.2% achieved LDL-C levels of less than 70 mg/dL. Our study suggests that, under maximal treatment intensification with LLT, assuming full compli- Scenarios are ordered by increasing use of proprotein convertase subtilisin/kexin type 9 inhibitor therapy (for definition of scenarios, see Scenario Analyses subsection of the Methods). Scenario A includes reduction of low-density lipoprotein cholesterol (LDL-C) levels to less than 70 mg/dL for all patients and LLT with alirocumab (ALI) as third-line therapy after statins and add-on ezetimibe (EZE). Scenarios B1-B4, C, and D are described in Figure 3 .
Scenarios A and C used ALI as third-line therapy after statins and add-on EZE.
Other scenarios removed EZE before adding ALI if goal LDL-C level was not achieved. ALI75 indicates alirocumab, 75 mg; ALI150, alirocumab, 150 mg; HIS, high-intensity statin; and MIS, moderate-to-low intensity statin. To convert LDL-C levels to millimoles per liter, multiply by 0.0259. Scenarios are ordered by increasing use of proprotein convertase subtilisin/kexin type 9 inhibitor therapy, and are described in the methods section.
